ing is a complex cardioprotective phenomenon that involves adaptive changes in cells and molecules and occurs in a biphasic pattern: an early phase after 1-2 h and a late phase after 12-24 h. While it is widely accepted that reactive oxygen species are strongly involved in triggering ischemic preconditiong, it is not clear if they play a major role in the early or late phase of preconditioning and which are the mechanisms involved. The present study was designed to investigate the mechanisms behind H2O2-induced cardioprotection in rat neonatal cardiomyocytes. We focused on antioxidant and phase II enzymes and their modulation by protein kinase signaling pathways and nuclearfactor-E2-related factor-1 (Nrf1) and Nrf2. H2O2 preconditioning was able to counteract oxidative stress more effectively in the late than in the early phase of adaptation. In particular, H2O2 preconditioning counteracted oxidative stress-induced apoptosis by decreasing caspase-3 activity, increasing Bcl2 expression and selectively increasing the expression and activity of antioxidant and phase II enzymes through Nrf1 and Nrf2 translocation to the nucleus. The downregulation of Nrf1 and Nrf2 by small interfering RNA reduced the expression level of phase II enzymes. Specific inhibitors of phosphatidylinositol 3-kinase/Akt and p38 MAPK activation partially reduced the cardioprotection elicited by H2O2 preconditioning and the induction and activity of phase II enzymes. These findings demonstrate, for the first time, a key role for Nrf1, and not only for Nrf2, in the induction of phase II enzymes triggered by H2O2 preconditioning. ischemic preconditioning; oxidative stress; cardiomyocytes; phosphatidylinositol 3-kinase
IN 1986 MURRY ET AL. (29) described ischemic preconditioning (PC) as a phenomenon whereby myocardium exposed to brief episodes of ischemia and reperfusion develops protection against irreversible injury during a subsequent ischemic insult. This phenomenon has been recognized as the strongest form of in vivo protection against myocardial ischemic injury (21). In experimental animals, a brief period of ischemia usually produces two windows of protection: an early phase that develops very quickly and lasts only 1-2 h and a late phase that develops after 12-24 h but lasts 3-4 days (9, 22) . The early phase develops by rapid posttranslational modification of preexisting proteins through a series of signaling cascades, while late (or delayed) ischemic PC is mediated by cardioprotective gene expression and by synthesis of new cardioprotective proteins (8, 37) .
The ischemic PC concept has also been extended to PC triggered by nonischemic stress, such as stretch, some chemicals (40) , and reactive oxygen species (ROS; Ref. 24) . Redox signaling in PC is still not completely understood, but it is widely accepted that transient, low concentrations of ROS and/or reactive nitrogen species may trigger protective mechanisms. Some ROS (i.e., O 2 ·Ϫ and H 2 O 2 ) and reactive nitrogen species (i.e., NO, HNO, and ONOO Ϫ ) may be included among the triggers of PC, and it is likely that they collaborate in inducing cardioprotection (33) . Recently, the role of H 2 O 2 as PC inducer in the protection against different forms of damage has received attention. Sharma and Singh (39) have observed that H 2 O 2 -induced PC may provide cardioprotection, similar to ischemic PC, against ischemia-reperfusion injury in isolated rat heart. In a mouse L-cell model, H 2 O 2 PC protected cells against apoptosis induced by subsequent oxidative stress via MAPK and phosphatidylinositol 3-kinase (PI3K)/Akt pathways (13) . In addition, H 2 O 2 PC has been shown to protect human proximal tubular cells against lethal oxidant insult via p38 MAPK and heme oxygenase-1 (23) . In more recent studies, it has been demonstrated that H 2 O 2 PC protects PC12 cells against apoptosis induced by oxidative stress through different mechanisms: blockade of reductions in mitochondrial membrane potential, overexpression of Bcl-2 (42) and inducible nitric oxide synthase and cyclooxygenase-2 (43) , activation of the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway (47) , and increase in the DNA binding activity of NF-B p65, as well as its nuclear translocation (49) . Moreover, even if many mechanisms behind early and late PC have been identified, no studies have been conducted to elucidate in which of these two windows of protection ROS play their major role. These results taken together suggest that the molecular mechanisms underlying H 2 O 2 PCinduced adaptive cytoprotection may be complicated and associated with multiple genes and signaling pathways and that free radicals can exert a protective rather then deleterious effect in ischemia/reperfusion scenario.
In this study, using primary cultures of neonatal cardiomyocytes, we have investigated the molecular mechanisms behind the antiapoptoic role of H 2 O 2 PC, focusing on the cardioprotective induction of phase II enzymes and the signaling transduction pathway involved in their induction. Our results demonstrated that H 2 O 2 PC mainly contributed to the late phase of PC, and this is consistent with the observed new synthesis of protective antioxidant/detoxifying enzymes such as glutathione reductase (GR), catalase (CAT), thioredoxine reductase (TRred), and NAD(P)H quinone oxidoreductase 1 (NQO1). In particular we demonstrated the involvement of PI3K/Akt and p38 MAPK in the cardioprotection elicited by H 2 O 2 PC and in the induction of GR, CAT, and TRred.
MATERIALS AND METHODS

Materials.
PhosSTOP was purchased from Roche Diagnostics (Mannheim, Germany). CelLytic M, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), 2=,7=-dichlorodihydrofluorescein diacetate (DCFH-DA), H 2O2, mammalian protease inhibitor mixture, digitonin, glucose-6-phosphate, glucose-6-phosphate dehydrogenase, BSA, NADP, FAD, DMSO, menadione, formaldehyde, 1-chloro-2,4-dinitrobenzene, 5,5=-dithiobis(2-nitrobenzoic) acid, reduced glutathione (GSH), LY-294002 (LY), PD-98059 (PD), SB-203580 (SB), DMEM F-12, FCS, horse serum, gentamicin, amphotericin B, acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin (Ac-DEVDAMC), and all other chemicals of the highest analytical grade were purchased from Sigma Chemical (St. Louis, MO).
Neonatal rat cardiomyocytes. Neonatal Wistar rat cardiomyocytes were isolated as previously reported (18 Assessment of cell viability. Cell viability was evaluated by measuring MTT (Sigma Chemical) reduction. At the end of each experiments, MTT was added to the cell medium (final concentration 0.5 mg/ml) and incubated for 1 h at 37°C. After incubation, MTT solutions were removed, DMSO was added, and the absorbance was measured using a microplate spectrophotometer (VICTOR3 V Multilabel Counter; Perkin-Elmer, Wellesley, MA) at a wavelength of 595 nm.
Detection of apoptotic cells by flow cytometry. Apotosis was determined by Guava EasyCyte Mini flow cytometry (Guava Technologies, Hayward, CA) with Guava Nexin reagent (Guava Technologies), according to the manufacturer's recommendations. Briefly, cells were treated with H2O2 100 M for 10 min and after 24 h were stressed with 100 M H 2O2 for 30 min. The cells were digested with trypsin and then resuspended and mixed with an adequate volume of Guava Nexin reagent containing annexin V-phycoerythrin (PE)/7-amino-actinomycin D (7-AAD) and allowed to stain for 20 min at room temperature in the dark. The Guava Nexin assay utilizes annexin V-PE to detect phosphatidylserine on the external membrane of apoptotic cells and the cell impermeant dye 7-AAD as an indicator of cell membrane structural integrity.
Intracellular ROS production assay. The formation of intracellular ROS was evaluated using the fluorescent probe DCFH-DA, as previously reported (1) . Briefly, cardiomyocytes were treated with H2O2 (1-100 M) for 10 min and after 24 h were incubated with 5 M DCFH-DA in PBS for 30 min. After removal of DCFH-DA, cells were incubated with 100 M H2O2 for 30 min. Cell fluorescence was measured using 485 nm excitation and 535 nm emission with a microplate spectrofluorometer (VICTOR3 V Multilabel Counter). Data were calculated subtracting the intensity of control cells and reported as percentage of controlϩ (cells not preconditioned and exposed to oxidative stress).
Enzymatic activity assays. NQO1 enzymatic activity was measured according to the procedure of Prochaska and Santamaria (35) . Glutathione S-transferase (GST) activity was assayed according to the procedure of Habig et al. (12) . TRred activity was assayed according to the procedure of Holmgren and Bjornstedt (17) . GR activity was measured according to the method of Smith et al. (41) Glutathione peroxidase (GPX) activity was assayed according to the method described by Flohe and Gunzler (10) . CAT activity was determined according to the method of Johansson and Borg (19) . SOD activity was measured according to the method of Peskin and Winterbourn (34) .
Caspase-3 activity assay. The activity of caspase-3 was measured by hydrolysis of the peptide substrate Ac-DEVDAMC by caspase-3, resulting in the release of the fluorescent 7-amino-4-methylcoumarin moiety (31) . Cells were lysated in lysis buffer (50 mM Tris, 0.1% Triton X-100, 150 mM NaCl, 2 mM EGTA/EDTA, 1 mM sodium pyrophosphate, 10 mg/ml phenylmethylsulfonyl fluoride, 1 mM sodium vanadate, 50 mM sodium fluoride, and 1 mg/ml aprotinin) and then centrifuged 5 min at 5 000 g; the supernatant was added to the assay buffer (100 mM HEPES pH 7.0, 5 mM dithiothreitol, 0.1% CHAPS, 10% sucrose, and 0.15 mM Ac-DEVDAMC); and the specific cleavage of the fluorogenic peptide Ac-DEVDAMC was monitored following AMC cleavage at 370 nm excitation and 455 nm emission wavelengths.
Western immunoblotting. Preparation of nuclear and cytoplasmic fractions was performed according to the method of Bahia et al. (2) , and preparation of whole cell extracts was performed with CelLytic M cell lysis reagent, with mammalian protease inhibitor mixture and PhosSTOP. Samples were boiled for 5 min before separation on 10% SDS-PAGE. The proteins were transferred to a nitrocellulose membrane (Hybond-C; GE Healthcare, Buckinghamshire, UK) in Trisglycine buffer at 110 V for 90 min. Membranes were then incubated in a blocking buffer containing 5% (w/v) skimmed milk and incubated with anti-GST (Alpha Diagnostic International, San Antonio, TX), anti-GR (AbFrontier, Seoul, Korea), anti-TRred (Upstate, Lake Placid, NY), anti-GPX1 (Lab Frontier, Seoul, Korea), anti-NQO1, anti-SOD1, anti-SOD2, anti-CAT, anti-nuclear-factor-E2-related factor-1 (anit-Nrf1) and anti-Nrf2 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-phospho-p38, anti-phsopho-ERK1/2, anti-phoshoAkt, anti-Bcl2 (Cell Signaling Technology, Beverly, MA), anti-␤-actin (Sigma), and anti-histone H3 (Cell Signaling Technology), as internal normalizers, overnight at 4°C on a three-dimensional rocking table. The results were visualized by chemiluminescence using ECL advance reagent according to the manufacturer's protocol (GE Healthcare). Semiquantitative analysis of specific immunolabeled bands was performed using a Fluor S image analyzer (Bio-Rad, Hercules, CA).
Small-interfering RNA transfection. Cardiomyocytes were transfected with 50 nM Nrf1-and Nrf2-annealed small interfering (si)RNA (Invitrogen, Paisley, UK) using Lipofectamine 2000 for 12 h according to the manufacturer's recommendations. The siRNA sequences utilized targeted the following rat Nrf1 coding sequences: 5=-GCU-GACUUCUUGGACAAGCAGAUGA-3= and 5=-UCAUCUGCUU-GUCCAAGAAGUCAGC-3= and the following rat Nrf2 sequences: 5=-UGGAGCAAGACUUGGGCCACUUAAA-3= and 5=-UUUAA-GUGGCCCAAGUCUUGCUCCA-3. Control experiments were performed using equivalent amounts of the StealthTM RNAi Negative Control Med GC (Invitrogen).
Protein concentration. The protein concentration of the cell lysates was determined by the Bio-Rad Bradford protein assay (Bio-Rad Laboratories, Hercules, CA).
Statistics. Each experiment was performed at least three times, and all values are represented as means Ϯ SD. One-way ANOVA was used to compare differences among groups followed by Dunnett's or Bonferroni's test (Prism 5; GraphPad Software, San Diego, CA). Values of P Ͻ 0.05 were considered as statistically significant. before oxidative stress was able to reduce the shift of the cell population from the viable to the apoptotic region in respect to oxidative stress alone.
RESULTS
Cytoprotection of H
To further demonstrate the protection of 100 M H 2 O 2 PC against apoptosis, the activity of caspase-3, a key enzyme required for the execution of apoptosis, was measured. H 2 O 2 PC alone had no significant effect on caspase-3 activation. Oxidative stress significantly increased caspase-3 activity in cardiomyocytes, while H 2 O 2 PC significantly reduced caspase-3 activity induced by oxidative stress (Fig. 2B) .
To better understand the role of H 2 O 2 PC in counteracting cardiomyocytes apoptosis, we evaluated the expression of the well-known antiapoptotic protein Bcl2 by immunoblot analysis (Fig. 2C) PC is able to counteract oxidative stress and its major protective effect is after 24 h from PC, we hypothesized that H 2 O 2 PC antioxidant capacity could be ascribed to its ability to enhance the endogenous antioxidant defense system through the synthesis of new cardioprotective proteins. We therefore analyzed protein expression and activities of the main antioxidant and phase II enzymes. Cardiomyocytes were preconditioned with different concentration of H 2 O 2 (1-100 M) for 10 min, and enzyme expression and activity were evaluated 24 h later. SOD1, SOD2, GPX, and GST expressions were not influenced by H 2 O 2 PC at any tested concentrations (data not shown). The expressions of GR, TRred, CAT, and NQO1 are reported in Fig. 4 . On the other hand, GR, NQO1, and TRred expressions were significantly increased by 50 and 100 M H 2 O 2 PC, while CAT expression revealed a significant increase only at the highest H 2 O 2 concentration.
To evaluate whether protein expression modifications were related to functional effects, enzyme activities were measured in the same experimental conditions. SOD, GPX, and GST activities were not modulated by H 2 O 2 PC in respect to control cells (Table 1) . In agreement with expression data, GR, NQO1, and TRred activities were significantly increased by 50 and 100 M H 2 O 2 treatment, while CAT activity was increased only by 100 M H 2 O 2 PC.
Effect of H 2 O 2 PC on Nrf1 and Nrf2 activation. As Nrf1 and Nrf2 are critical regulators of antioxidant and phase II enzyme genes, we evaluated the effect of 100 M H 2 O 2 PC on the cellular localization of Nrf1 and Nrf2 after different times from PC induction by analyzing both cytosolic and nuclear fractions. Immunoblot analysis revealed that Nrf2 translocated from the cytosolic to the nuclear fraction. In fact, Nrf2 expression in the nuclear fraction was significantly higher than that observed in control cells at 0 -2 h from PC (Fig. 5) . On the contrary, Nrf2 expression in the cytosolic fraction decreased immediately Fig. 1 . Effect of H2O2 preconditioning (PC) on cell viability in cardiomyocytes exposed to oxidative stress.. A: cardiomyocytes were treated with 1-100 M H2O2 for 10 min, recovered for 24 h, and exposed to oxidative stress. B: cardiomyocytes were treated with 100 M H2O2 for 10 min and recovered for different time periods (1-72 h) before the induction of oxidative stress. Cellular damage was assessed by the 3-(4,5-dimethylthiazol-2-yl)Ϫ2,5-diphenyl-tetrazolium bromide (MTT) assay and reported as %cell viability compared with controls. Each bar represents means Ϯ SD of 4 independent experiments. Data were analyzed by one-way ANOVA followed by Bonferroni's test. *P Ͻ 0.05, with respect to control;°P Ͻ 0.05, with respect to cells exposed only to stress.
after PC and at 6 -24 h expression levels were similar or higher than controls (Fig. 5) .
Interestingly, we observed a marked Nrf1 translocation from the cytosolic to the nuclear fraction. Nrf1 expression in the nuclear fraction was significantly higher than that observed in control cells after 1 h from PC, while the expression of Nrf1 in the cytosolic fraction slightly decreased after 2 h from PC (Fig. 5) .
Effect of Nrf1 and Nrf2 silencing on H 2 O 2 PC induction of phase II enzymes. To better clarify the mechanistic link between H 2 O 2 PC and the induction of antioxidant and phase II enzymes, cells were transfected with Nrf1-siRNA and Nrf2-siRNA. Figure 6A represents the effective downregulation of Nrf1 and Nrf2 obtained with siRNA in cardiomyocytes. Cells were transfected with Nrf1-siRNA, Nrf2-siRNA, and scrambled control siRNA, and protein expression levels were determined 48 h posttransfection by Western blot analysis. Both Nrf1-siRNA and Nrf2-siRNA were able to strongly downregulate Nrf1 and Nrf2. Subsequently, Nrf1-siRNA and Nrf2-siRNA were used to study the effect of the downregulation of Nrf1 and Nrf2 on the induction of phase II enzymes by H 2 O 2 PC (Fig. 6B) . Interestingly, both Nrf1 and Nrf2 downregulation led to a marked decrease of NQO1, CAT, GR, and TRred expression levels in respect to H 2 O 2 PC without siRNA.
Role of ERK1/2, p38 MAPK, and PI3K/Akt signaling in H 2 O 2 PC. In accordance with the widely accepted role of protein kinases in cardioprotection against many stimuli like oxidative stress, we evaluated, by immunoblot analysis, the phosphorylation, i.e. the activation, of three fundamental protein kinases: ERK1/2, p38 MAPK, and PI3K/Akt. Figure 7A reports representative immunoblots of cardiomyocytes preconditioned with 1-100 M H 2 O 2 for 10 min. Phospho-ERK1/2 MAPK expression was significantly increased at any H 2 O 2 concentration, while p38 MAPK and Akt were significantly activated only by 50 and 100 M H 2 O 2 . Total amounts of ERK1/2, p38 MAPK, and Akt proteins were not influenced by H 2 O 2 PC (data not shown). Fig. 2 . Effect of H2O2 PC on apoptosis in cardiomyocytes exposed to oxidative stress. Apoptosis was assessed by flow cytometry (A), caspase-3 activity (B), and Bcl2 protein levels (C). A: cardiomyocytes were preconditioned with 100 M H2O2 for 10 min and after 24 h were exposed to oxidative stress and flow cytometry was assesd using annexin V-phycoerythrin (PE)/7-amino-actinomycin D (7-AAD) as reported in METHODS. B: caspase-3 activity was measured spectrofluorimetrically in cell lysates as reported in METHODS. Each column represents the means Ϯ SD of 4 independent experiments. Data were analyzed by one-way ANOVA followed by Bonferroni's test. *P Ͻ 0.05, with respect to control;°P Ͻ 0.05, with respect to stress. C: cardiomyocytes were preconditioned with 100 M H2O2 for 10 min and recovered for different times (0 -72 h). Twenty micrograms of protein per lane were separated by SDS-PAGE on 12% polyacrylamide gel, transferred to nitrocellulose membrane, and immunoassayed using antiBcl2 and anti-␤-actin antibodies. Results of scanning densitometry analysis performed on 3 independent autoradiographs for Bcl2 are presented. Relative amounts (means Ϯ SD) were normalized to the intensity of ␤-actin and represented as fold increase in respect to controls. Data were analyzed by one-way ANOVA followed by Dunnett's test. *P Ͻ 0.05, with respect to control.
To investigate the role of these protein kinases in mediating the cardioprotection afforded by PC, we pretreated cardiomyocytes with specific inhibitors of Akt phosphorylation (20 M LY), ERK1/2 phosphorylation (20 M PD), and p38 phosphorylation (20 M SB) for 1 h, before the addition of 100 M H 2 O 2 and subsequent oxidative stress.
Cell viability in the absence or presence of the different inhibitors is reported in Fig. 7B . The three inhibitors alone did not influence cell viability. LY and SB significantly reversed the cardioprotective effects of PC, while PD did not modify PC protective effect against oxidative stress, suggesting a role of p38 MAPK and Akt in the cardioprotection elicited by H 2 O 2 PC.
To investigate the role of p38 MAPK and Akt in the induction of antioxidant and phase II enzymes, cardiomyocytes were pretreated with LY or SB for 1 h before H 2 O 2 PC. The expressions of GR, TRred, CAT, and NQO1 are reported in Fig. 8 . LY and SB did not influence enzyme basal expressions (data not shown). LY and SB significantly reversed the induction of GR, CAT, and TRred due to PC. Surprisingly, p38 and Akt inhibitors were not able to reduce the induction of NQO1, indicating a role of the two kinases only in the induction of GR, CAT, and TRred. Enzyme activities, measured in the same experimental conditions, are in agreement with the immunoblotting data (Table 2) . DMSO, the vehicle of PD, LY, and SB, did not influence any parameters (data not shown).
DISCUSSION
The present study examined the role of H 2 O 2 PC in counteracting apoptosis in cardiomyocytes exposed to oxidative stress demonstrating a fundamental role of H 2 O 2 PC in delayed PC and identifying a p38 MAPK-and Akt-dependent mechanism by which the induction of phase II enzymes may contribute to the cardioprotective effects of H 2 O 2 PC.
During recent years, authors (38) have formulated the hypothesis that ROS might play an important role both in ischemic/reperfusion injury and ischemic PC. In this study, we clearly observed this paradoxical effect; in fact, 100 M H 2 O 2 were able to counteract or exacerbated oxidative stress depending on the exposure time: 10 min led to a protective pattern, whereas 30 min caused a marked cell death. Moreover, we measured a substantial reduction of intracellular ROS production in H 2 O 2 PC-treated cardiomyocytes, postulating that H 2 O 2 PC elicits its cardioprotective effect through the modulation of the intracellular antioxidant defense system. The capacity of cells to maintain cellular homeostasis during oxidative stress resides in rapid activation or induction of protective enzymes, which, in turn, decrease oxidative stress by reducing ROS. Interestingly, H 2 O 2 PC was able to induce fundamental antioxidant and phase II enzymes like NQO1, GR, TR, and CAT but failed to induce GST, SOD, and GPX. This disjointed regulation was unexpected, as it has been reported that all these enzymes are regulated by the same transcription factor Nrf2 (5, 36, 50) . In agreement with these findings, we observed a Fig. 3 . Effect of H2O2 PC on intracellular ROS production. Cardiomyocytes were preconditioned with 1-100 M H2O2, and after a 24 h recovery were exposed to oxidative stress. Intracellular reactive oxygen species were determined using the peroxide-sensitive fluorescent probe 2=,7=-dichlorodihydrofluorescein diacetate. Values represent means Ϯ SD (n ϭ 6). Data were analyzed by one-way ANOVA followed by Dunnett's test. *P Ͻ 0.05, with respect to cells not preconditioned and exposed to oxidative stress (controlϩ). Fig. 4 . Effect of H2O2 PC on antioxidant and phase II enzyme induction. Cardiomyocytes were preconditioned with 1-100 M H2O2 for 10 min. Cell lysates (20 g) were immunoblotted with antibodies that detect endogenous levels of glutathione reductase (GR), catalase (CAT), thioredoxine reductase (TRred), and NAD(P)H quinone oxidoreductase 1 (NQO1). Results of scanning densitometry analysis performed on 3 independent autoradiographs are presented. Relative amounts (means Ϯ SD) were normalized to the intensity of the same ␤-actin blot and represented as fold increase in respect to control. Data were analyzed by one-way ANOVA followed by Dunnett's test. *P Ͻ 0.05 with respect to control cells. marked translocation of Nrf2 to the nucleus immediately after H 2 O 2 PC induction and its upregulation after 6 h from H 2 O 2 PC . To better clarify this point, we evaluated the effect of H 2 O 2 PC on another transcription factor belonging to the same Nrf2 Cap"n"Collar transcription factor family: Nrf1. Although Nrf2 has been shown to be crucial in the activation of genes regulated by the antioxidant responsive element (ARE), the involvement of Nrf1 in ARE function has also been demonstrated through transfection studies and gene expression analysis in knockout cells and animals (4) . Gene targets of Nrf1 include genes encoding enzymes involved in GSH biosynthesis and other oxidative defense enzymes (4). Our data demonstrated that H 2 O 2 PC led to a marked translocation of Nrf1 to the nucleus. Interestingly, Wang et al. (46) observed that Nrf1 has the potential to play an important role in modulating the response to oxidative stress by functioning as a transdominant Value represent means Ϯ SD of 4 independent experiments. Data were analyzed by one-way ANOVA followed by Dunnett's test. Cardiomyocytes were preconditioned with 1-100 M H2O2 for 10 min, and after 24 h cells were lysed for enzymatic activity measures. GPX, glutathione peroxidase; GST, glutathione S-transferase; GR, glutathione reductase; TRred, thioredoxine reductase; CAT, catalase; NQO1, NAD(P)H quinone oxidoreductase 1. *P Ͻ 0.05, with respect to 0 M H2O2 (control). Fig. 5 . Effect of H2O2 PC on nuclear-factor-E2-related factor-1 (Nrf1) and Nrf2 translocation. Proteins were extracted at the indicated time points following H2O2 PC treatment. Crude homogenates (20 g) were immunoblotted with antibodies that detect endogenous Nrf2 and Nrf1 levels in the cytosolic and nuclear fractions. Results of scanning densitometry analysis performed on 3 independent autoradiographs are presented. Relative amounts (means Ϯ SD) were normalized to the intensity of ␤-actin (cytosolic fraction) or histone H3 (nuclear fraction) and represented as fold increase in respect to control. Data were analyzed by one-way ANOVA followed by Dunnett's test. *P Ͻ 0.05, with respect to control cells.
repressor of Nrf2-mediated activation of ARE-dependent gene transcription. Therefore, we can hypothesize that H 2 O 2 PC is able to induce both Nrf2 and Nrf1 and that their combined translocation to the nucleus leads to this particular pattern of phase II enzyme activation. To clarify the involvement of Nrf1 and Nrf2 in phase II enzyme induction, we silenced both Nrf1 and Nrf2 gene expression by siRNA. Data obtained confirm that both Nrf1 and Nrf2 play a fundamental role in H 2 O 2 PC induction of NQO1, CAT, GR, and TRred.
The role of MAPKs in PC signal transduction has been addressed by many authors, but only few studies (16, 30, 48) have focused on the role of H 2 O 2 in PC signal pathways and data are not conclusive.
It is commonly accepted that phosphorylation of ERK1/2 in cardiac myocytes during early reperfusion serves as a defense mechanism against ischemic stress stimuli (48). The role of ERK1/2 as a potential mediator of protection in the setting of PC has been controversial, with some studies supporting its role (7, 11, 25) and several studies failing to demonstrate a role for ERK1/2 (6, 27, 28) . We observed that ERK1/2 is markedly activated immediately after H 2 O 2 PC and that this activation occurred also with not cytoprotective H 2 O 2 concentrations. Inhibition of ERK1/2 by PD did not influence H 2 O 2 PC cardioprotection against a subsequent oxidative stress, indicating that ERK1/2 is probably not involved in this mechanism. Our data are in agreement with the results of Mockridge et al. (28) , who observed a rapid, transient phosphorylation of ERK1/2 after PC but that ERK1/2 blocked by PD did not affect cytoprotection elicited by PC. Mocanu et al. (27) demonstrated that ERK1/2 cascade is not implicated in ischemic PC in isolated perfused rat hearts.
The role of p38 MAPK in the protection provided by PC remains controversial. Many studies confirmed a role of p38 MAPK as a potential mediator of PC-induced cardioprotection, while others have shown that pharmacologically inhibition of p38 MAPK during ischemia-reperfusion confers cardioprotection in nonpreconditioned hearts (these discrepancies are reviewed in Ref. 16 ). Bell et al. (3) observed that these different views about the role of p38 MAPK in mediating PC could be ascribed to an inappropriate use of its pharmacological inhibitor SB. In particular, they attributed to DMSO, the common SB vehicle, antioxidant properties that can protect also nonpreconditioned hearts. In our study, H 2 O 2 PC was found to induce a significant increase of p38 MAPK phosphorylation and, in the presence of SB, the beneficial effect of H 2 O 2 PC was ablated. To ascertain the influence of DMSO, this compound was added also in control and stressed cells evidencing no effects.
Activation of the PI3K/Akt pathway has been demonstrated to play a key role in both early and delayed myocardial PC, contributing to the recruitment of multiple endogenous cardioprotective pathways to reduce myocardial damage after ischemia and reperfusion (14 -16) . In the present study, we demonstrated that H 2 O 2 PC induced a significant Akt phosphoryla- A: cardiomyocytes were preconditioned with 1-100 M H2O2 for 10 min. Cell lysates were immunoblotted with antibodies specific for phospho-ERK1/2, phospho-p38, and phospho-Akt. Representative immunoblots of t3 different experiments are reported. B: cardiomyocytes were incubated with PD-98059 (PD), LY-294002 (LY), and SB-203580 (SB) before H2O2 PC and after 24 h were exposed to oxidative stress. Cellular damage was assessed by MTT assay and reported as %cell viability compared with controlϪ. Each bar represents the means Ϯ SD of 4 independent experiments. Data were analyzed by one-way ANOVA followed by Bonferroni's test. *P Ͻ 0.05, with respect to controlϪ;°P Ͻ 0.05, with respect to stress (controlϩ);^P Ͻ 0.05, with respect to H2O2 PC. tion, and, more importantly, the cardioprotective effect of H 2 O 2 PC was significantly attenuated by the inhibition of PI3K/Akt. Tong et al. (44) demonstrated that ischemic PC protects the heart by activating the PI3K/Akt cascade during the PC protocol, a finding confirmed by subsequent studies. For example, Uchiyama et al. (45) observed that in adult cardiomyocytes the antiapoptotic effect of PC against hypoxia/reoxygenation requires Akt signaling leading to phosphorylation of BAD, inhibition of cytochrome c release, and prevention of caspase activation. Moreover, Mocanu et al. (27) demonstrated that wortmannin and LY (PI3K inhibitors) partially blocked PC cardioprotection in isolated perfused rat hearts.
Many authors (20, 32, 51) have demonstrated the involvement of p38 MAPK and Akt in Nrf2 activation, but no studies have been undertaken to demonstrate their role in the induction of phase II enzymes in cardiomyocytes.
Here we report that inhibition of both p38 MAPK and Akt in H 2 O 2 PC significantly reduced protein expression and activity of GR, TRed, and CAT while it did not modify NQO1, in agreement with data obtained by Manandhar et al. (26) on murine keratinocytes in which the pharmacological inhibitors of p38 MAPK, PI3K/Akt, and PKC did not alter 3H-1,2-dithiole-3-thione induction of NQO1.
In conclusion, our results provide novel evidence regarding the role of H 2 O 2 in delayed PC. In particular, H 2 O 2 PC counteracted oxidative stress induced apoptosis by decreasing caspase-3 activity, increasing Bcl2 expression, and selectively increasing the expression and activity of antioxidant and phase II enzymes through Nrf1 and Nrf2 translocation to the nucleus. Moreover, we demonstrated a key role for p38 MAPK and Akt in the upregulation of antioxidant and phase II enzymes as a central mechanism in H 2 O 2 PC cardioprotection. These novel Fig. 8 . Role of Akt and p38 MAPK in H2O2 PC induction of phase II enzymes. H2O2 PC induces phase II enzymes. Cardiomyocytes were incubated with LY or SB before H2O2PC. Cell lysates were immunoblotted with antibodies for GR, TRred, CAT, and NQO1. Representative immunoblots of 3 different experiments are reported. White line inserted in NQO1 blot represents a skipped line. Results of scanning densitometry analysis performed on 3 independent autoradiographs are presented. Relative amounts (means Ϯ SD) were normalized to the intensity of the same ␤-actin blot and represented as fold increase in respect to controls. Data were analyzed by one-way ANOVA followed by Bonferroni's test. *P Ͻ 0.05, with respect to control;°P Ͻ 0.05, with respect to PC. 
